Abstract-Charge-collection experiments and simulations designed to quantify the effects of reflections from metallization during through-wafer TPA testing are presented. The results reveal a strong dependence on metal line width and metal line position inside the overlayer. The charge-collection enhancement is largest for the widest metal lines and the metal lines closest to the interface. The charge-collection enhancement is also dependent on incident laser pulse energy, an effect that is a consequence of higher-order optical nonlinearities induced by the ultrashort optical pulses. However, for the lines further away from the interface, variations in laser pulse energies affect the charge-collection enhancement to a lesser degree. Z-scan measurements reveal that the peak charge collection occurs when the axial position of the laser focal point is inside the Si substrate. There is a downward trend in peak collected-charge enhancement with the increase in laser pulse energies for the metal lines further away from the interface. Metallization enhances the collected charge by same amount regardless of the applied bias voltage. For thinner metal lines and laser pulse energies lower than 1 nJ, the collected charge enhancement due to metallization is negligible.
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I. INTRODUCTION
T HE metallization that covers integrated circuits can prevent optical pulses from accessing certain areas of the silicon when performing laser tests through the back-end-ofline (BEOL) overlayers. The through-wafer pulsed-laser single- event effects (PL SEE) approach was developed, in part, to circumvent this problem. Because the BEOL metallization cannot block the laser when performing through-wafer testing, it is often implicitly assumed that the metallization has a negligible effect on charge generation. However, through-wafer singleevent latchup (SEL) laser mappings in [1] provided evidence that reflections from metal lines may enhance charge generation in the regions under the metal, thereby lowering the pulse energy threshold for SEL. This study utilizes a specially designed test structure to quantify the charge-collection enhancement by reflections from metal lines during through-wafer two-photon absorption (TPA) measurements. Charge-collection (CC) measurements are performed as a function of pulse energy, the width of the metal lines, their height above the silicon, and the focal position of the laser beam. The results compared to first-order optical simulations.
II. BACKGROUND
Charge generation in silicon by TPA is affected by a number of parameters including: (1) free carrier absorption, which removes photons from the optical field, thus decreasing charge generation; (2) nonlinear refraction (optical Kerr effect), which, in silicon, exhibits a positive nonlinearly and leads to an increase in the photon flux; and (3) free-carrier-induced nonlinear refraction, a negative nonlinearity that distorts the propagating optical pulse leading to a decrease in the photon flux [2] - [4] .
A conceptual picture of carrier generation in a TPA process can be presented using the simplified expression [4] , [5] : (1) where is the density of free carriers, is the linear absorption coefficient, is laser pulse irradiance, is the two-photon absorption coefficient, is the photon energy. For the 1260-nm laser wavelength used in this study, linear absorption is negligible, and, to first order, charge generation is expected to be proportional to the square of the laser pulse energy.
A laser pulse propagating through the different layers of a multilayer test structure experiences transmission and reflection at each interface. Such reflections lead to constructive and destructive interference between transmitted and reflected waves (etalon effects). Reflected light is also affected by other, difficult to quantify factors, such as the surface roughness of the and /metal interfaces, and the imperfections and variations 0018-9499 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. associated with real (as-grown) structures, as compared to idealized (drawn) designs. This study explores experimentally how the width and location of metal lines inside the overlayer structure alter TPA-induced charge generation in silicon.
III. DEVICE UNDER TEST
Test structures for this study were fabricated in the Jazz Semiconductor 180 nm CA18HD process [6] . This is the same process used for the test structures in [1] . Fig. 1 shows the schematic layout of the layers present in this process.
The test structure used in this study contains an N-well/P-sub diode with dimensions of approximately m m, overlaid with metal lines of different widths, ranging from 0.23 to m, and different locations inside the overlayer, as shown by metal layers 1 through 6 in Fig. 1 .
Measurements were conducted at a reverse bias of V. This is the maximum bias that can be used in the CA18HD process, and is used to maximize the charge collection to represent a worst-case study on the effects of reflections.
IV. THROUGH-WAFER TPA TEST METHOD
Laser tests were conducted employing the through-wafer TPA SEE technique [7] using optical pulses with wavelength of 1260 nm, a 1 kHz repletion rate, a 150 fs full-width-at-half-maximum (FWHM) pulse-width, and a measured FWHM spot size of m at the focus [3] , [7] . The laser pulse propagates through the Si substrate and is focused on the overlayer interface. During measurements, the optical pulse was scanned transverse to the direction of the metal lines (the X-direction), starting about 200 nm away from the edge of the diode, with the step size of m. A top view of the layout of the test structure is shown in Fig. 2 . The voltage response of the diode was recorded with Tektronix DPO 7254 2.5 GHz 40GS/s digital oscilloscope at different incident laser pulse energies.
V. EXPERIMENTAL RESULTS AND DISCUSSION
Laser measurements were carried out by recording the transient diode voltage response while scanning the laser across the structure, starting from the location of Metal 1 lines (on the left in Fig. 2 ) through Metal 6 (colored orange in Fig. 2) .
The amount of collected charge for each incident laser pulse was calculated by integrating the voltage signal, considering the input impedance of the scope. Fig. 3 shows the change in the charge collection as a function of laser position for three different laser pulse energies. The axial position of the laser focal point for measurements of Fig. 3 is at the interface. The baseline for each scan was determined by the collected charge values where no metal lines were present. The collected charge enhancement (CCE) due to the presence of metal lines is determined as: (2) where is the collected charge in the presence of the metal, and the collected charge in the absence of the metal.
Results are given in Fig. 3 , and show that the charge-collection enhancement correlates with the positions of the metal lines in the test structure (see insert to Fig. 3) . The highest charge-collection enhancement is observed for m width metal lines. Metal 6 lines, which are copper and furthest away from the interface, show the lowest charge-collection enhancement.
The reflected optical intensity is determined by the overlap of the laser pulse intensity profile with the metal line, so it is expected that the charge collection enhancements is largest for the wider metal lines (Fig. 3) . The data also reveal a variation in collected charge with changes in the laser pulse energy. For most cases, the charge-collection enhancement is highest at the 9.3 nJ pulse energy. A drop in the charge-collection enhancement at higher laser pulse energies may have contributions from diode saturation [8] effects and also from pulse distortions arising from pulse depletion and free-carrier refraction effects [4] , [5] . The data of Fig. 3 are elaborated on in Figs. 5-8.
A. Optical Calculations
Numerical calculations performed on the first-order optical propagation of plane waves consider the presence of multiple reflections and etalon effects in each layer of the test structure. The intensity of the transmitted and reflected light is calculated using the Airy function [9] , which depends on the intensity of the incident light, complex refractive index of each optical layer in the test structure, the incident laser pulse wavelength, and the thickness of the optical layer.
For the first order approximation used here, no nonlinear terms are included, and it is assumed that the collected charge is proportional to the square of the total transmitted laser pulse intensity.
The calculations shown in Fig. 4 illustrate the sinusoidal dependence of the charge generation enhancement in the silicon from the overlayer as a function of thickness, with and without the presence of an infinitely wide metal line (e.g., no pulse overlap effects).
The results of Fig. 4 illustrate that the calculated chargecollection enhancement due to reflection for an infinitely wide metal line varies between 33% and 56%. This analysis implicitly assumes that the collected charge measured experimentally is equivalent to the generated charge, and thus represents a worstcase condition. The optical calculation properly accounts for the material compositions and positions in the typical BEOL stack (cf., Fig. 1 ), but does not include any additional devicespecific considerations, such as charge-collection efficiency (a unity charge-collection efficiency is assumed) or position-dependent effects. overlayer. Panels (a) through (c) correspond to laser pulse energies 6.9, 9.3 and 12.9 nJ respectively. The linear focus of the laser pulse is at the interface. takes into account the overlap integral between the metal line and the assumed Gaussian pulse profile. First order calculations for wider metal lines and lower laser energies agree with the experimental data reasonably well (Fig. 5) . If a metal line is significantly wider than the focused FWHM spot size of the laser pulse and its surface is sufficiently smooth, the metal line can behave like a mirror surface, reflecting optical intensity into the charge collection area. Fig. 5 shows that maximum charge-collection enhancement occurs for m wide metal lines. For narrower lines, the quantity of reflected optical intensity is a result of the overlap of the optical pulse with the metal line; only a fraction of the pulse is reflected back into the charge collection area. The plots of Figs. 3 and 5 illustrate that, for the narrowest metal lines of this study ( m), charge-collection enhancement is less than 10%.
B. Dependence of Charge-Collection Enhancement on Metal Line Width

C. Charge-Collection Enhancement Energy Dependence
Since the widest metal lines represent the worst case, additional energy-dependent measurements were conducted for the m width metal lines. For each laser pulse energy, the laser For all metal lines no charge-collection enhancement was observed at laser pulse energies lower than 1 nJ. The M1 metal line is closest to the interface and shows the strongest charge collection enhancement ranging from approximately 50% to 70%. The charge-collection enhancement due to the M2 line is between 35% and 56% (calculated limit). Lines M3 through M6 are further away from the interface and less sensitive to the variation in laser pulse energies.
For all these measurements, the linear focus of the pulse was at the interface. M1 metal lines are located closest to the interface and result in collected-charge enhancement up to 70%. For metal lines M2 through M6, the collected charge enhancement is 56% or less, in agreement with the firstorder optical calculations. Depending on whether the metal lines are located inside or outside of confocal parameter region of the focused laser beam, the reflected laser pulse will change the shape of the charge generation field differently.
D. Charge-Collection Enhancement Bias Dependence
Measurements presented in Figs. 5-7 were all conducted at reverse bias voltage of V. Fig. 8 shows the collected charge enhancement bias dependence for metal line M2.
At a reverse bias voltage of V, the average measured collected charge enhancement is , and at bias voltages of and V it is 48 and 40%, respectively. The difference between these measurements presumably is associated with greater charge-collection efficiency due to the larger width of the depletion layer, the higher electric field, and the lower recombination rate. Consequently, the charge collection is more efficient [10] .
E. Charge Collection Enhancement "Z" Dependence
Measurements were performed at different axial Z-positions (depth in the silicon), and different laser pulse energies for metal lines M1 trough M6. Fig. 9 shows experimentally determined collected charge from "Z -scan" results for the m wide M2 metal line. The peak collected charge position shift axially with the increase of laser pulse energy. At a lower laser pulse energy of 0.29 nJ, the peak collected charge is located at m. Negative Z corresponds to the axial position of the linear laser focal point inside the Si substrate, and positive Zs correspond to the axial position inside the . At the highest laser pulse energies investigated, the position of maximum collected charge shifts to a position about m from the interface, inside of the Si substrate. At lower pulse energies, the maximum signal is achieved with the laser focal point located at the interface. At higher pulse energies, in order to achieve the peak signal, the axial position of the laser focal point needs to be adjusted accordingly.
A similar trend is observed for the other metal line widths (Fig. 10) , indicating more efficient charge collection when the charge is deposited deeper into the diode substrate below the interface. The shape of the curves of collected charge vs Z axial position are asymmetric for all the cases investigated, and, together with the relative shift in collected charge peak position, this indicates that various nonlinear optical phenomena affect the charge distribution shape [4] , [5] .
Collected-charge enhancement determined at the peak charge collection Z position for the metal lines M1 through M6 is shown in Fig. 11 and illustrates that the effect of reflections from metal lines decreases with increasing distance from the interface. Such a trend is expected since the laser pulse is diverging, and the TPA carrier-generation efficiency decreases with increasing distance from the focal position. For the case of the m M1 metal line, the peak charge-collection enhancement is relatively constant with increasing laser pulse energy. For the metal lines located deeper in the , there is a downward trend in the charge collection efficiency with increasing laser pulse energy. This effect is most likely due to the enhanced free-carrier refraction (FCR) at the higher laser pulse energies. Since FCR is a negative nonlinearity, an increase in FCR will lead to an increase the divergence of the beam, which, because of the dependence of carrier generation by TPA, will lead to the trends evident in the data of Fig. 11 .
These results provide experimentalists with insights into the uncertainties associated with the through-wafer TPA SEE method, and represent a step towards providing a more quantitative understanding of the technique and the extent to which reflections from metal lines can impact SEE measurements in bulk semiconductor structures.
VI. CONCLUSION
Charge-collection enhancement due to reflections from metal lines in BEOL material stacks is investigated for a bulk 180 nm process diode for the through-wafer TPA SEE technique. Charge-collection enhancement is studied as a function of pulse energy, the width of the metal line, its height above the interface, and bias voltage. The results reveal that, for the bulk diode investigated, charge-collection enhancement can be significant for metal lines wider than m. For narrower metal lines, the enhancement is less significant. The largest charge-collection enhancement measured in this study is 70% for metal lines located closest to the interface (M1), and the smallest for the copper M6 lines located the greatest distance from the interface. The experimental data agree reasonably well with a linear, plane-wave optical calculation that takes into account etalon effects for the BEOL material stack. The results presented are for the specific test structure investigated, but provide insights into the impacts of reflections from metallization on TPA SEE measurements. Extrapolation of these results to specific TPA SEE measurements is not straightforward, and must be considered on a case-by-case basis, taking into account device-specific parameters not addressed in this study (and generally not available from the manufacturer), the incident laser pulse wavelength, the optical properties of each specific test structure that will vary with every process and from manufacturer to manufacturer, and the effects of process variations on these optical properties. The results do, however, provide a point of reference for experimentalists, and can be used to provide guidance as to when reflections from metallization should, or should not be considered in the analysis of experimental results.
